Surface characteristics of carbonic-anhydrase-rich cells in turtle urinary bladder  by Husted, Russell F. et al.
Kidney International, Vol. 19 (1981), pp. 491—502
Surface characteristics of carbonic-anhydrase-rich cells in
turtle urinary bladder
RUSSELL F. HUSTED, ALLAN L. MUELLER, RICHARD G. KESSEL, and
PHILIP R. STEINMETZ
Laboratory of Epithelial Transport and Kidney Physiology, Department of Medicine and Department of Zoology,
University of Iowa, Iowa City, Iowa
Surface characteristics of carbonic-anhydrase-rich cells in turtle
urinary bladder. Addition of a disulfonic stilberie, 4-acetamido-
4'-isothiocyano-2,2'-disulfonic stilbene (SITS), to the serosal
side of the turtle bladder blocks the efflux of bicarbonate ions
from the acidifying cells and thereby inhibits hydrogen ion
secretion into the luminal solution. Because SITS has little effect
on other transport systems, we used it to define the relationship
between hydrogen ion secretion (H) and the different cell types
facing the luminal surface. Cells were identified by scanning and
transmission electron microscopy (SEM and TEM) and by
histochemical localization of carbonic anhydrase (CA). SEM
revealed that SITS caused marked alterations in luminal surface
characteristics of a cell population with prominent microplicae.
Two hours after the serosal addition of SITS, cells with identifi-
able microplicae had decreased from 12.7 to 0.5% of total cells.
TEM studies and CA histochemistry showed that the number of
cells rich in CA (CA cells) remained the same, whereas the
individual luminal surface areas of a subpopulation of CA cells
had decreased markedly. A comparison of the distribution of
individual surface areas of cells with microplicae and CA cells
revealed that the CA cells with large surface areas corresponded
to the cells with microplicae and that both were affected by the
serosal addition of SITS. Acetazolamide, which also inhibits
caused similar changes. The luminal addition of SITS and an
inactive analogue of acetazolamide, which have no effect on J
did not alter surface morphology. These results indicate that the
CA cell with microplicae represents the active state of the
hydrogen ion secreting cell.
Caractéristiques de surface des cellules riches en anhydrase
carbonique de Ia vessie urinaire de tortue. L'action du stilbène
disulfonique, 4-acetamido-4'-isothiocyano-2,2'-disulfonic stil-
bene (SITS), sur Ia face séreuse de Ia vessie de tortue bloque Ia
sécrétion d'ions hydrogene vers Ia solution luminale. Du fait que
le SITS a peu d'effets sur les autres systemes de transport il a été
employe pour définir Ia relation entre la sécrétion d'ions hydro-
gene et les différents types cellulaires qui sont en regard de
Ia surface luminale. Les cellules ont été identifiées en microsco-
pie electronique a balayage et a transmission (SEM et TEM) et
par Ia localisation histoenzymologique de l'anhydrase carboni-
que (CA). La SEM a montré que le SITS determine des
modifications des caractéristiques de Ia surface luminale d'une
population cellulaire a microplis proéminents. Deux heures après
l'addition séreuse de SITS, les cellules ayant des microplis
identifiables ont diminué de 12,7 a 0,5% du nombre total de
cellules. Les etudes au TEM et l'histochimie de CA montre que
le nombre des cellules riches en CA (cellules CA) est le méme
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alors que Ia surface luminale d'une sous-population de cellules
CA a considérablement diminué. Une comparaison de Ia distri-
bution des surfaces individuelles des cellules a microplis et des
cellules CA montre que les cellules CA a grande surface corre-
spondent aux cellules a microplis et que les deux sont affectées
par le SITS du côté séreux. L'acétazolamide, qui inhibe aussi
determine des modifications semblables. Le SITS luminal et un
analogue inactif de I'acétazolamide qui na pas d'effet sur ne
modifient pas Ia morphologie de surface. Ces résultats indiquent
que les cellules CA a microplis représentent l'état actif de Ia
cellule sécrétant d'ions hydrogene.
The urinary bladder of the water turtle resembles
other high-resistance urinary epithelia in being ca-
pable of absorbing sodium and chloride against
steep concentration gradients. The turtle bladder
has been of special interest because it contains a
potent transport system for protons. This system,
studied extensively in vitro, is being used as a
model for urinary acidification by the distal nephron
of the kidney. Proton transport by the turtle bladder
is not directly coupled to sodium absorption [1, 21
and appears to be separate from chloride trans-
port [31. Because the turtle bladder, like the toad
bladder and mammalian collecting tubule, con-
tains several types of epithelial cells, the question
asked is whether all cells or only a population of
specialized cells are responsible for proton secre-
tion [4—8].
Studies by Rosen [9—11] indicate that the mucosa
of the turtle bladder contains at least three types
of cells: basal cells, granular cells, and a third type
of cells. Among the cells at the luminal surface,
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the granular cell contains numerous mucin granules
and have luminal microvilli, and there is another
cell that contains abundant mitochondria and car-
bonic anhydrase [8, 101 and resembles the mi-
tochondria-rich cell of the toad bladder [101.
These carbonic-anhydrase-rich (CA) cells of the
turtle bladder are characterized by prominent mi-
croprojections [11], and individually, they vary
considerably in their area of surface representation,
as judged from histochemical studies [101. By scan-
ning electron microscopy, there is an easily identifi-
able cell population characterized by prominent
microplicae (microridges). The cells with micropli-
cae were thought to be CA cells, but these cells are
of a more uniform size than are the CA cells
identified histochemically. Therefore, the precise
relationship between luminal surface characteristics
and cellular carbonic anhydrase remains to be ex-
plored.
Rosen [101 and Schwartz, Rosen, and Steinmetz
[71 suggested that urinary acidification might be
carried out primarily by the CA cells. Several
aspects of this possible correlation, however, re-
main to be clarified. Previous attempts to character-
ize the cells secreting hydrogen ions have been
complicated by the lack of a specific inhibitor of
hydrogen ion secretion. Carbonic anhydrase inhibi-
tors such as acetazolamide inhibit not only the
hydrogen ion pump but also the electroneutral
transport system for chloride and bicarbonate.
Recent physiology studies [3, 12] indicate that the
disulfonic stilbene, 4-acetamido-4'-isothiocyano-
2,2'-disulfonic stilbene (SITS), inhibits hydrogen
ion secretion almost completely without affecting
the rate of chloride absorption or bicarbonate secre-
tion. Therefore, we have examined the effects of
SITS on the surface characteristics and carbonic
anhydrase histochemistry of the turtle bladder.
Inhibition of hydrogen ion secretion was associat-
ed with a striking change in the surface configura-
tion of the cells characterized by microplicae. The
surface representation of these cells was markedly
reduced and the network of microplicae virtually
disappeared from their luminal surface. Carbonic
anhydrase histochemistry revealed that the cells
with microplicae were a subpopulation of the CA
cells. Inhibition of hydrogen ion secretion by SITS
caused a marked change in the distribution of
surface areas of CA cells without changing the
number. Control bladder segments had a bimodal
distribution curve, whereas the SITS-treated seg-
ments revealed a single population of CA cells with
small surfaces. The CA cell with the larger surface
area and luminal microplicae represents the active
state of the hydrogen ion secreting cell.
Methods
Fresh-water turtles (Pseudemys scripta) were ob-
tained from Mogul-Ed (Oshkosh, Wisconsin). One
half of the urinary bladder from each turtle was
mounted as a flat sheet separating plastic (Lucite T)
half-chambers. The chamber was designed so that
each hemibladder provided a control and an experi-
mental quarter bladder of equal area (8 cm2). Both
surfaces of the bladder were bathed with identical
Ringer's solution [13]. The pH of the Ringer's
solution was maintained at 7.0. The serosal solution
was stirred and aerated by bubbling with 1% carbon
dioxide in air. The mucosal solution was bubbled
with carbon-dioxide-free air. The bladders were
continuously short-circuited by voltage clamping
except for brief periods when the open-circuit po-
tential difference was measured. The rate of hydro-
gen secretion was measured by pH stat titration
[13].
After steady-state levels of short-circuit current
and hydrogen secretion had been attained, 5 x 10
M SITS (4-acetamido-4 '-isothiocyano-2 ,2 '-disul-
fonic stilbene; Polysciences, Inc., Warrington,
Pennsylvania) was added to the serosal solution of
one quarter bladder, and the adjacent quarter of the
same bladder horn was used as the control. Short-
circuit current and hydrogen secretion rate were
measured prior to the addition of SITS and at the
end of the experiment in both control and experi-
mental portions.
After a 1- or 2-hour incubation period with SITS,
bladders were prepared for SEM. Bladders were
fixed in the chambers for 1 hour by removing the
Ringer's solution and adding a solution of 2.5%
glutaraldehyde containing 0.1 M sodium phosphate
buffer (pH, 7.4). The chambers were separated, and
a wedge of tissue was cut from both the experimen-
tal and control quarters. Each specimen was rinsed
twice in 0.1 M sodium phosphate solution. After
being rinsed, the specimens were placed in a solu-
tion of 2% osmium tetroxide containing 0.1 M
sodium phosphate buffer for 2 hours. The speci-
mens were again rinsed twice with 0.1 M sodium
phosphate solution. The tissues were dehydrated in
a series of graded alcohol solutions (20, 40, 60, 80,
and 100%; 10 to 15 mm each). Each specimen was
critical-point dried with carbon dioxide. After being
dried, the specimens were mounted on aluminum
stubs and coated under vacuum with gold. Observa-
tions were made in a stereoscan scanning electron
microscope (Cambridge S4-10). The area scanned
for each quarter bladder was kept random by sight-
ing on a particular region at a low magnification
(X20) and then zooming to higher magnifications,
focusing and taking pictures of the cells in that field.
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A quantitative study was done by identifying and
counting cells in five micrographs taken randomly
of each control and experimental quarter bladder.
Bladders prepared for TEM were fixed in the cham-
bers for 1 hour by removing the Ringer's solution
and adding a solution of 3% glutaraldehyde contain-
ing 0.1 M cacodylate buffer. After portions of blad-
der from the chamber were removed and rinsed
with buffer, the tissues were treated with a solution
of 1% osmium tetroxide in 0.1 M cacodylate and
1.5% potassium ferrocyanide for 30 mm. The tis-
sues were again rinsed, dehydrated in a graded
series of acetone-water mixtures, and embedded in
Spurrs. Thin sections were prepared and stained
with uranyl acetate and lead citrate. The sections
were examined and photographed in an electron
microscope (Hitachi HU-IIE).
Carbonic anhydrase localization was determined
by the histochemical method of Hansson as modi-
fied by Rosen [101. Although there has been some
controversy about the reliability and specificity of
the Hansson technique, recent evidence from sev-
eral laboratories [14—16] has demonstrated the va-
lidity of the method After the completion of the
histochemical reactions, the tissue was dehydrated
and mounted for light microscopy. Micrographs of
the luminal surface were taken. The percentage of
cells containing histochemical reaction product and
the surface area of CA cells were estimated from
the photographs. In one hemibladder, a segment of
tissue was then prepared for scanning electron
microscopy. The surface areas of the cells with
microplicae were compared with the surface areas
of CA cells in that tissue.
Individual cell surface areas were estimated by
tracing the cell borders on weighing paper and
cutting out the tracings. The weight of the traced
cell surface could be compared with the weight of a
known area of weighing paper. Surface area mea-
surements in a highly distensible tissue, such as
turtle or toad urinary bladders, are dependent,
however, on the stretch of the tissue [17]. There-
fore, surface area measurements have been cx-
pressed on an arbitrary scale and have been normal-
ized to average cell number.
Statistical analysis of the data was done by Stu-
dent's t test, x2 analysis, and Poisson analysis [181.
Data are reported as the means SEM.
Results
Inhibition of hydrogen ion secretion by SITS
prior to fixation for scanning electron microscopy.
As shown in Table 1, the secretion of hydrogen ions
was almost completely inhibited in the quarter
bladders exposed to S x 10-" M SITS. The short-
circuit current was reduced by about 30%. De-
creases in hydrogen ion secretion and short-circuit
current in control halves were not significant. These
results are similar to those reported previously by
Cohen, Mueller and Steinmetz [121. SITS, in the
same concentration, has no effect on either net
chloride absorption or bicarbonate secretion [3].
Control and SITS-treated quarter bladders were
fixed for SEM studies immediately after the results
of Table 1 were obtained.
Effects of serosal addition of SITS on surface
morphology of turtle bladder. The luminal surface
of the turtle bladder is characterized by two types of
surface microprojections, microvilli and micropli-
cae. Cells having microvilli vary widely in surface
area, as well as in the appearance of the microvilli.
Studies of carbonic anhydrase localization (see be-
low) indicate that the cells with microvilli include
both the granular cells and a portion of the cells that
contain carbonic anhydrase. The cells with micro-
plicae, which also are CA cells, are of a more
uniform size and have a distinct cell border.
Inhibition of urinary acidification by serosal SITS
had no detectable effect on the cells with microvilli.
But, the cells with microplicae were greatly altered.
In Figs. I and 2, control and SITS-treated portions
of a turtle bladder are compared at x 1,000 magnifi-
cation. In Figs. 3 and 4, regions of the same bladder
are shown at x 2,000, a magnification that permits
easy identification of microplicae. In the SITS-
treated portion (Figs. 2 and 4), no microplicae were
Table 1. Effect of SITS on hydrogen ion secretion and short-circuit currenta
H+ secretion, lJmolesIhr Short-circuit current, iAmp
Initial FinalInitial Final
Control 1.09 0.11 1.05 0.14 239 26 210 29
SITS 0.91 0.09 <0.03b. 187 19 131 l1
a Values are the means SEM (N = 6). Results are those obtained 2 hours after the serosal addition of 5 x 10 M SITS (4-acetamido-
4'-isothiocyano-2,2-disulfonic stilbene).
b Rates not detectable by pH stat titration are indicted as < 0.03 imole/hr.
P < 0.05, significantly different from control and initial SITS value.
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Figs. 1—4. Scanning micrographs of the mucosal surface of paired control and SITS -treated portions of the urinaly bladder of one turtle.
SITS was present in the serosal solution for 2 hours. Fig. 1. Control quarter-bladder. Arrows designate cells with microplicae. Bar
denotes 10 m (x 1,000). Fig. 2. Quarter-bladder following 2-hour incubation with serosal SITS. Cells with microplicae are absent. Bar
denotes 10 p.m (x 1,000). Fig. 3. Cell with microplicae from the control quarter-bladder. Bar denotes 5 p.m (x2,000). Fig. 4. Quarter-
bladder following 2-hour incubation with serosal SITS. Bar denotes 5 p.m (x 2,000).
detected. The disappearance of microplicae was
quantified in bladders that had been exposed to
SITS for 2 hours. Cells were counted in five random
x 2,000 photographs of each control and SITS-
treated quarter bladder. The results presented in
Table 2 show that no cells with microplicae were
detected in four of five SITS-treated bladders and
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Table 2. Effect of SITS on the numher of cells with microplicae
Bladder no.
Control SITS































Total 378 48 370 2 < 0.01
a Total number of cells in five x 2000 photographs
b Number of cells with microplicae in five x 2000 photographs
P value from x2 analysis of SITS vs. control.
the remaining bladder after SITS. The reduction in
the number of cells with microplicae from 48 out of
a total of 378 cells in control quarters to 2 out of 370
in SITS-treated quarters was highly significant. The
reduction in cells with microplicae was significant
in each of the individual bladders. The surface area
of the individual cells with microplicae in the SITS-
exposed segment of bladder no. 3 (Table 2) was
only half the surface area of the individual cells with
microplicae in the control segment.
There are two possible explanations for our in-
ability to identify microplicae 2 hours after SITS
addition. Either the cells with microplicae actually
disappear from the bladder surface or there is a
marked change in the microplicae so that they can
no longer be recognized. Figures 5 and 6 compare
bladder portions studied at 1 hour rather than 2
hours after the serosal addition of SITS. In four
random x 1,000 fields of the control portion of the
bladder, 27 cells had microplicae, but only 11 cells
were observed to have microplicae in four random
fields of the SITS-treated portion (P <: 0.01, by x2
analysis). In Figs. 7 and 8, the cells with micropli-
cae are compared at higher magnification (x 5,000).
In addition to the decrease in the number of cells
with identifiable microplicae, the figures indicate
that SITS reduces the surface area of these cells and
appears to cause a transformation of the micropli-
cae toward a more microvillous form.
To insure that the observed changes were mediat-
ed by an effect of serosal SITS on acidification, we
conducted three sets of control studies. In the first,
hydrogen secretion was inhibited by acetazolamide.
In the second, an inactive analogue of acetazola-
mide, 2-actamido-l ,3,4-thiadiazole-5-(N-t-butyl)
sulfonamide (CL 13,850), was used to determine the
specificity of the acetazolamide effect. In the third
set of experiments, SITS was added to the mucosal
solution instead of the serosal solution. Ehrenspeck
and Brodsky [19] and Cohen et al [121 have shown
that mucosal SITS has no effect on urinary
acidification.
The surface changes after inhibition of acidifica-
tion by l0- M acetazolamide (added to the serosal
solution) were studied in two bladders. Acetazol-
amide caused complete inhibition of acidification in
one bladder and 84% inhibition in the other bladder.
Five x 1,000 photos were taken of each bladder
portion. The control portions of the bladders con-
tained 52 and 31 cells with microplicae, and the
treated portions contained 3 and 0 cells with micro-
plicae, respectively. Cells with microplicae remain-
ing after acetazolamide had a smaller luminal sur-
face area than those in the control tissue. The
similarity of the effects of acetazolamide and SITS
on surface morphology indicates that the SITS
effect is not unique to that agent. Although SITS
and acetazolamide are different chemically, both
inhibit acidification by interfering with the disposal
of alkali in series with the pump. The inactive
analogue of acetazolamide did not affect surface
morphology or acidification. In contrast to the
effect of serosal SITS, mucosal SITS did not cause
disappearance of microplicae in the four bladders
studied.
Although serosal SITS caused some inhibition of
sodium transport, it seems unlikely that the changes
in microplicae were a result of alterations in sodium
transport. Preliminary observations indicate that
even complete inhibition of sodium transport (with
amiloride or ouabain) is not associated with detect-
able changes in surface morphology.
Transmission electron microscopic studies. The
two types of surface epithélial cells described by
Rosen [9, 10] were easily identified in transmission
electron micrographs. The majority of surface cells
were granular. They contained numerous large
granules near the apical surface and were relatively
flat in shape. The CA cells were characterized by
smaller apical granules, a flask-like shape, more
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Figs. 5—8. Scanning electron micrographs of the mucosal surface of paired control and SITS-treated portions of the urinary bladder of
one turtle. SITS was present in the serosal solution for 1 hour. Fig. 5. Control quarter-bladder. Arrows designate cells with microplicae.
Bar denotes 10 p.m (x 1,000). Fig. 6. Quarter-bladder following 1-hour incubation with serosal SITS. Cell with microplicae is designated
by arrow. Bar denotes 10 p.m (x 1,000). Fig. 7. Cell with microplicae under control conditions. Bar denotes 2 p.m (x 5,000). Fig. 8. Cell
with microplicae following 1-hour incubation with serosal SITS. Bar denotes 2 p.m (x 5,000).
prominent microprojections, and many mitochon- involved in hydrogen ion secretion [7, 101. The





























 I t: L 
itt
 
Turtle bladder cells secreting hydrogen ions 497
Figs. 9—10. Transmission electron micrographs of the apical portion of mucosal epithelial cells of the turtle urinary bladder. In both
figures, a CA cell (carbonic-anhydrase-rich cell) is shown between two granular cells. The CA cells are distinguished by their more
prominent microprojections and their lack of large, apical granules. Fig. 9. Control quarter-bladder. Bar denotes 2 m (x 5,000). Fig. 10.Quarter-bladder exposed to serosal SITS for 2 hours. Bar denotes 2 m (x 5,000).
the microplicae. Therefore, our transmission elec-
tron microscopic studies focused on the CA cell.
Figures 9 and 10 show electron micrographs of
control and SITS-treated turtle bladders. No evi-
dence of cellular degenerative changes was detect-
ed. From such micrographs, it was evident that CA
cells were still present at the luminal surface 2 hours
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the number of CA cells was not affected. This
impression was corroborated by histochemical
studies of carbonic anhydrase localization.
Carbonic anhydrase histochemistry. Figure 11 is
a light micrograph of the luminal surface of a
control bladder in which carbonic anhydrase has
been localized histochemically. The dark areas are
CA cells, and the dark lines represent nonspecific
staining of cellular borders. Twenty-nine percent of
the cells contained carbonic anhydrase (bladder no.
1, Table 3). In the SITS-treated segment, there was
no significant change in the fraction of cells (31%)
that contain carbonic anhydrase (Fig. 12). Although
the number of CA cells remained constant in all
bladders studied (Table 3), the percentage of sur-
face area occupied by CA cells was significantly
reduced. It was 12.7 0.6% in the control segment
of bladder A and 7.5 0.4% in the SITS-treated
segment (mean SEM of the percent in 15 photos of
each segment; reduction = 5.2 0.7%, P < 0.001).
The surface areas of individual CA cells vary wide-
ly, as previously reported by Rosen [10].
Figure 13 shows the distribution of cell surface
areas of individual CA cells in the control and SITS-
treated portions of bladder A. SITS caused a strik-
ing reduction in the number of CA cells with the
larger surface area. Similar results were obtained in
the other bladders of Table 3.
The distribution of surface area of CA cells is
compared with the distribution of surface area of
cells with microplicae in Fig. 14. The surface area
distribution of CA cells is the same as that shown in
Fig. 13. After the light micrographs were taken, the
tissue was prepared for scanning electron micros-
copy. The distribution of surface area of cells with
microplicae was determined from the scanning elec-
tron micrographs. The surface areas of cells with
microplicae correspond to the areas of the larger
CA cells. The frequency of cells with microplicae is
slightly greater than that of the larger CA cells. But,
the frequency of cells with microplicae was overes-
timated because the light micrographs were taken at
random, whereas the electron micrographs were
taken only of areas containing cells with micropli-
cae. The data of Fig. 14, therefore, indicate that the
cells with microplicae are the larger CA cells.
Discussion
Several lines of evidence suggest that the cells
with microplicae observed by scanning electron
microscopy (SEM) of the turtle urinary bladder are
a subpopulation of the carbonic-anhydrase-rich
(CA) cells. Rosen reported that the CA cells have
more prominent microprojections [111, which is a
definite characteristic of the cells with microplicae.
In the present study, the inhibition of hydrogen ion
secretion by the addition of SITS to the serosal
solution causes a diminution of the surface area of
cells with microplicae (SEM studies) and also a
reduction in the surface area of a group of relatively
large cells that contain carbonic anhydrase. In the
control bladders, carbonic anhydrase is localized in
cells having a wide range of surface areas. Serosal
SITS affects primarily the CA cells with larger
surface areas. These larger CA cells correspond,
both in surface area and in number, to the cells with
microplicae. As the surface area of the cells with
microplicae is reduced, the microplicae appear to
"break up" and form microvilli. From our studies
of the distribution of individual cell surface areas
(Figs. 13 and 14), we may conclude that there are
two populations of CA cells. One population has
luminal microvilli and a small surface, and the other
has luminal microplicae and a larger surface.
The CA cell of the turtle bladder is the homologue
of the mitochondria-rich (MR) cell of the toad
urinary bladder [10]. The MR cell of the toad
bladder, like the CA cell of turtle bladder, can have
two distinct configurations of its luminal surface
[201. One form has finger-like microvilli, and the
other has ridge-like microvilli (microplicae) [201.
The luminal membrane of the latter contains numer-
ous rod-shaped intramembranous particles, where-
as the MR cells with microvilli contain few, and
granular cells are devoid of such particles [201.
Preliminary freeze-fracture studies of the turtle
bladder in our laboratory indicate that CA cells with
microplicae have rod-shaped particles in their lu-
minal membrane, but granular cells do not. Wade
has suggested that the MR cells with microplicae in
the toad bladder represent a "stimulated" state of
the MR cell. This interpretation could be equally
applied to the observation that inhibition of hydro-
gen ion transport in turtle bladder causes a transfor-
mation of the luminal surface of the CA cells.
Rosen, Oliver, and Steinmetz [5] have shown that
the MR cells of the toad bladder are rich in carbonic
anhydrase and have compared the acidifying capac-
ity and carbonic anhydrase distribution in Domini-
can and Colombian toad bladders. The fraction of
surface area occupied by carbonic anhydrase-rich
cells is 0.8% in Dominican toad bladders, and all
cells with carbonic anhydrase have small surface
areas [5]. The bladders of Colombian toads have
carbonic anhydrase-rich cells with a wide range of
individual surface areas that form 4.6% of the
luminal surface [51. These results correlate with the
finding that the bladders of Dominican toads do not
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Figs. 11—12. Light micro graphs of the mucosal surface of paired hemibladders showing localization of the carbonic anhydrase
histochemical reaction product. Fig. 11. Control hemibladder. Cells with both large and small surface area contain reaction product. Bar
denotes 10 im (x 1,000). Fig. 12. Hemibladder exposed to serosal SITS for 2 hours. Only cells with small surface area contain reaction
product. Bar denotes 10 m (x 1,000).
acidify, whereas Colombian toad bladders acidify at
an appreciable rate [21, 221, about 0.35 p.moles/hr
under the experimental conditions of the present
study [51. This correlation between acidifying ca-
pacity and CA cell area is extended in this study.
The control rate of urinary acidification in the turtle
bladder was approximately 1 mole/hr (Table I),
and 11 to 15% of bladder surface area is composed
of CA cells. The addition of SITS to the serosal side
of the turtle bladder causes a change in the distribu-
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Table 3. Effect of SITS on the frequency of carbonic-anhydrase-rich (CA) cells
Bladder
Control SITS
Total CA Total CA
no. cell no. cells %CA cell no. cells %CA
I 871 254 29 1268 389 31
2 211 48 23 221 44 20
3 142 27 19 703 133 19
4 537 128 24 385 93 24





Fig. 13. Effect of SITS on the distribution of surface areas of
carbonic-anhydrase-rich (CA) cells. The surface area is ex-
pressed on an arbitrary scale with 1 unit equal to approximately
3.7 j.m2. The distributions represent totals of 213 control cells
and 337 cells after SITS treatment.
tion of individual CA cell surface areas from one
resembling Colombian toad (wide range of areas) to
a single peak distribution as seen in the Dominican
toad.
The mammalian collecting tubule also contains a
population of cells rich in carbonic anhydrase 11231.
The distribution of these cells shows considerable
variability between species. In the rat and dog, all
collecting duct cells appear to contain carbonic
anhydrase. An alternating pattern of active and
inactive cells occurs in the collecting ducts of toad,
turtle, rabbit, and monkey [23]. The mammalian
collecting duct is known to contain two major cell
types: principal (or light) cells and intercalated (or
dark) cells [24, 25]. The precise relationship be-
tween these cell types and carbonic anhydrase
content has not been determined. The intercalated
cells, like the MR cells of toad bladder and the CA
cells of turtle bladder, contain distinctive rod-
shaped intramembrane particles in the luminal
membrane, but principal cells do not [26, 27].
The surface morphology of the intercalated cell is
variable in different segments of the collecting tu-
bule and in different species [25]. In the cortical
collecting tubule of the rat [24] and in the cortico-
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Fig. 14. Comparison of the distribution of surface areas of ce//s
with microplicae and carbonic-anhydrase-rich (CA) cells. The
CA cell distribution is the control distribution of Fig. 13. A total
of 38 cells with microplicae were measured.
medullary segments of the rabbit collecting tubule
[28], the intercalated cells are usually characterized
by microplicae. Hagège, Gabe, and Richet [4] have
reported that respiratory acidosis and metabolic
alkalosis produce marked changes in the surface
morphology of the rat distal nephron. Microvilli and
microplicae became denser and more prominent,
and the number of cells with prominent micropro-
jections increased [4]. But, Hansen, Tisher, and
Robinson [29] failed to find changes in the number
of intercalated cells during experimental acid-base
changes. The apparent discrepancy might be ex-
plained by a transformation between two subpopu-
lations of the intercalated cell, as in turtle bladder
where the number of cells with microplicae changed
without change in the total number of CA cells.
LeFurgey and Tisher [28] have suggested that the
collecting duct cells with microplicae may be active
in a secretory process.
The morphologic changes in the CA cells that
coincide with alterations in hydrogen ion secretion
in the turtle bladder can be compared with those
that occur in the parietal cell of the stomach. The
parietal cell is rich in carbonic anhydrase [161 and,
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sive network of cytoplasmic tubulovesicules and a
relatively small luminal surface [30, 311. Stimulation
of acid secretion with histamine and carbachol
causes a decrease in tubulovesicle membrane area
and an increase in luminal membrane area [30, 311.
Thus, in both the stomach and the turtle bladder,
changes in luminal membrane morphology accom-
pany alterations in the rate of acidification.
How might inhibition of acidification by SITS
bring about morphologic changes in the CA cells?
Cohen et al [121 observed a small but significant
increase in the overall cell pH after SITS. But, if
SITS inhibited the exit step for bicarbonate only in
the population of cells with microplicae, the in-
crease in the intracellular pH of these cells may
have been as large as 0.8 pH units. Thus, SITS
could increase the intracellular pH of the cells with
microplicae to values over 8.0. Cellular alkalinity
can bring about major changes in the cytoskeleton
of the cell. For example, an acute increase in cell
pH in sperm cells caused polymerization of the
actin [321. A similar effect on structural proteins
might play a role in the marked alteration of the
luminal surface of the cells with microplicae.
In summary, when hydrogen ion secretion by the
turtle bladder is inhibited by SITS or a high concen-
tration of acetazolamide, this inhibition is associat-
ed with the disappearance of identifiable micropli-
cae and with a reduction in the individual surface
area in a population of CA cells. Because the total
number of CA cells remains constant, the apparent
loss of luminal membrane and microplicae is best
attributed to a transformation of one form of CA
cell to another. These results suggest that the CA
cell with microplicae represents the active state of
the cell secreting hydrogen ions.
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